SUMMARY To characterize the changes in lung volumes after acute myocardial infarction (AMI), and the relationship of these changes to other alterations in lung function which correlate with the severity of pulmonary vascular congestion, we made measurements of pulmonary hemodynamics, lung volume, closing volume, frequency dependence of total pulmonary resistance to forced oscillation, and arterial Po2 in 18 subjects with AMI. The most consistent finding was reduced lung volume which correlated with the severity of pulmonary diastolic hypertension. Frequency dependence of resistance showed a small but significant correlation with pulmonary hemodynamics. Closing volume measurements by the resident gas method in nine subjects was not related to hemodynamics. Follow-up studies at the time of hospital discharge revealed a significant return toward normal for arterial Po2, all lung volumes, and total pulmonary resistance at 9 Hz. Based on measurements in healthy subjects, the reduced lung volume after AMI may explain the changes in resistance. In acute and follow-up studies the degree of lung volume reduction and the severity of hypoxemia were strongly correlated.
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ALTERATIONS IN PULMONARY FUNCTION have been described in patients with acute myocardial infarction. The most consistent finding has been arterial hypoxemia which corresponds to the severity of left ventricular failure,'-7 and several studies have documented a high correlation between the reduction in arterial Po2 and the severity of pulmonary vascular congestion.8'" Despite the identification of shunting and V/0 maldistribution as the primary gas exchange abnormalities,3', 10, 11 the mechanism underlying the proportional relationship between pulmonary vascular congestion and respiratory gas exchange in patients with acute myocardial infarction has not been established.
Pulmonary function measurements after acute myocardial infarction have revealed decreases in vital capacity (VC) and expiratory flow rates in a pattern more consistent with a restrictive defect than significant airway obstruction.2 12 Measurements of total lung capacity (TLC), functional residual capacity (FRC) , and residual volume (RV) have indicated that these volumes may be either normal'4 or reduced. 6 13 Although a small decrease in diffusing capacity has been reported,6 the decrease is not great enough to produce hypoxemia at rest. It has been shown that some patients with acute myocardial infarction demonstrate non-exponential nitrogen washout curves,4 and previous work from this laboratory'2 has demonstrated that patients with acute myocardial infarction develop abnormal frequency dependence of total pulmonary resistance (RT) which increases in proportion to the degree of pulmonary vascular pressure elevation. Both of these abnormalities suggest small airway dysfunction and uneven or asynchronous distribution of ventilation. Closing volume (CV) and closing capacity (CC) measurements have revealed either no change'3 or an increase"4 in these values after actue myocardial infarction.
Many of the abnormalities in respiratory function after acute myocardial infarction might result from a fall in lung volume. The development of shunting due to alveolar edema or atelectasis should be accompanied by a measurable decrease in FRC. A decrease in FRC in the presence of a CV which is either normal or increased can result in airway closure at lung volumes during the respiratory cycle. This will produce uneven distribution of ventilation, nonlinearity of the nitrogen washout, and hypoxemia during air breathing. It is known that RT varies inversely with lung volume.'5 Theoretically, a decrease in lung volume would increase RT and magnify any inherent frequency dependence of RT. This could account for the frequency dependence of resistance, which has been found in patients with acute myocardial infarction. '2 In this investigation we describe the relationship between pulmonary vascular pressure elevation and the changes in lung volumes, CV, RT, and arterial Po2 in patients with acute myocardial infarction. Location  Class*  1  63  176  89  40  AP  SEMI  I  2  33  177  88  0  0  ALMI  II  3  52  175  109  30  MI and AP  DMI  II  4  56  163  70  20  AP  DMI  II  5  51  178  86  30  AP  ASMI  I  6  59  170  82  40  0  ASMI  III   7t   44  170   82  60  AP  DMI  I  8  35  168  92  25  AP  ALMI  I  9  51  176  77  50  0  DMI  I  10  56  180  95 Pulmonary function, arterial blood gas and hemodynamic measurements were made within 5 days of hospitalization. In 13 subjects, follow-up studies were performed after the patients were ambulatory (13-102 days after admission to the study). All acute and follow-up studies were made with the patient semirecumbent in bed, with the head of the bed elevated 30°from the horizontal.
Hemodynamic Studies
A flow-directed balloon-tipped catheter'6 was passed to the pulmonary artery. A plastic cannula was inserted into the brachial artery. Pressures were measured using transducers positioned 5 cm below the sternal angle. Cardiac output was measured either by thermodilution or by indicator dilution using indocyanine green. After positioning the catheter in the proximal portion of the pulmonary arterial tree to minimize the risk of catheter-induced pulmonary infarction,'7 wedge pressure could not be obtained in some studies. For this reason, pulmonary artery diastolic pressure (PAD) rather than wedge pressure (PAW) was used as an index of pulmonary venous pressure. There were 21 hemodynamic studies in 14 subjects in which both pulmonary diastolic and wedge pressures were recorded. The PAW values ranged from 1-30 mm Hg (average 13.6 mm Hg); the PAD value-s ranged from 3-28 mm Hg (average 14.7 mm Hg); and there was a close correlation between the two values (PAD = 0.90 PAW + 2.5 mm Hg; r = 0.94).
Blood Gas Measurements
Blood gas samples were obtained from the brachial artery cannula with the subject breathing air. If the subject was receiving oxygen therapy this was discontinued for at least 7 minutes before blood sampling to allow equilibration with room air.18 In 10 subjects, arterial blood gases were obtained at the time of follow-up studies using a #21 pediatric scalp vein needle inserted into the radial artery under local anesthesia. The blood sample was obtained after several minutes. All samples were analyzed at 37°C and values were corrected for body temperature. The alveolar-arterial oxygen gradient (A-a Do2) was calculated by assuming a respiratory quotient equal to 0.85.
Lung Volume Measurements VC was measured with a water-filled spirometer. In the first 10 subjects RV was calculated from volume and integrated expired nitrogen concentration after a single maximal inhalation of 100 percent oxygen. ' In 17 subjects, RT was measured at oscillation frequencies equal to 3 Hz and 9 Hz according to the methods previously reported from this laboratory.'2 The frequency dependence of RT was calculated as the difference between RT at 3 Hz and RT at 9 Hz (R3 -). To correct for differences in FRC the specific resistance (SR) was calculated as the product of RT and FRC. The frequency dependence of SR was calculated as the product of FRC and R3 9.
To evaluate the effect of changes in lung volume on the frequency dependence of resistance, measurements of FRC by the closed circuit helium equilibration method and RT at 3 and 9 Hz were obtained in standing and supine positions in five healthy, nonsmoking, male subjects ages 30-45 years. fig. 1 ). The VC ranged from 30-90% of predicted. There was close correspondence between day-to-day changes in VC and pulmonary hemodynamics in seven subjects with measurements on 2 days. In four patients (subjects 6, 7, 13, and 18) the variation in VC was less than 5% of predicted and variation in the pulmonary diastolic pressure was less than 2 mm Hg. In the three (subjects 8, 12 and 17) with decreases in PAD there were increases in VC. The average decrease in PAD, equal to 7 mm Hg, was accompanied by an increase in VC which averaged 14% of predicted.
Each subdivision of lung volume, VC, FRC, RV, and TLC showed significant negative correlation with PAD and pulmonary artery mean pressure (PAM), but not with cardiac index (table 3) . Both methods used for measuring FRC and RV yielded significant negative correlations with PAD and PAM when analyzed separately. For FRC, the correlation coefficients with PAD obtained by N2 washout and He equilibration methods were -0.68 and -0.66, respectively. For RV, the r values were -0.74 and -0.76 from N2 washout and He equilibration measurements, respectively. Similar correlations were observed in relation to PAM pressure.
Resistance Measurements RT measured at oscillation frequencies equal to 9 Hz (R9) and 3 Hz (R3) and the frequency dependence of resistance (R,, ,) were increased in the acute period compared with follow-up studies. However, only the differences at 9 Hz were statistically significant (table  4) . During the acute period the frequency dependence of resistance, R3 , showed some correlation with the pulmonary artery pressures (table 3) .
To determine if the reduction in FRC could explain the increases in RT and R, -, we studied five control subjects. Going from the standing to the supine posture, the average FRC decreased by 29%; R3 increased 25%; R. increased 29%; and R3 , increased 36% ( fig. 2) . However, the SR, calculated as the product of RT and FRC, showed no significant change between the standing and supine position ( fig. 2) . When the same analysis was applied to the RT and FRC data from the patients with acute myocardial infarction, it was found that SR was essentially unchanged between acute and follow-up studies ( Abbreviations: PAM = mean pulmonary artery pressure; PAD = pulmonary artery diastolic pressure; CI = cardiac index; Pao2 = arterial oxygen tension; A-aDO2 = alveolar-arterial oxygen difference; VC = vital capacity; FRC = functional residual capacity; RV = residual volume; TLC = total lung capacity; A = acute study; F = follow-up study. CV or CC ( fig. 3 ). In the nine subjects studied during the acute period, CC and CV actually tended to decrease as PA pressures increased, but the relationship was not significant (tables 3 and 4).
Gas Exchange
Arterial blood gas measurements revealed the expected decrease in arterial Po2 after acute myocardial infarction (table 2). In the acute period after myocardial infarction the reduction in Po2 correlated with the pulmonary artery pressure (table 3), but not with the reduction in cardiac index (r = 0.045). The decrease in arterial Po2 was significantly correlated with the decreases in all subdivisions of lung volume. The best correlation was with the decrease in functional residual capacity (fig. 4) . The decrease in arterial Po2 was also correlated with the increase in R3 (r = 0.472), but not with the volume-corrected frequency dependence of SR.,-. The specific resistance (SE) has been calculated an.s. Discussion The most significant finding in this study of patients with acute myocardial infarction is that each of the major indices of lung volume, TLC, VC, FRC and RV, are consistently reduced during the acute postinfarction period, and that these reductions in lung volume show a significant correlation with the severity of left ventricular failure and pulmonary vascular congestion.
Any investigation of lung volume changes in critically ill patients has certain limitations not imposed on the study of healthier subjects. First, subject cooperation and muscular effort are potential variables. The progressive reduction in VC with increasing severity of pulmonary congestion may, in part, be related to reduced effort in the more severely ill patients. However, the day-to-day reproducibility of this measurement in subjects with stable pulmonary hemodynamics argues against variability in effort as the major determinant of reduced VC. FRC, which is independent of effort, showed a similar progressive reduction with increasing PAD, and reduced RV was not the result of reduced effort. If effort played any part in determining RV, reduced expiratory effort Abbreviations: Rg = total pulmonary resistance at 9 Hz; R139 = change in resistance between 3 Hz and 9 Hz; SR9 = specific resistance at 9 Hz, i.e., R, X FRC; SR139 = change in specific resistance between 3 Hz and 9 Hz, i.e., FRC X R3-9.
would result in increased RV in the more severely ill patients.
The effect of posture on FRC is significant.2' However, since all studies, both acute and follow-up, were performed in an identical semi-recumbent posture neither the change in FRC between the acute and follow-up studies, nor the greater reduction in FRC in the patients with more severe pulmonary vascular congestion, can be attributed to the effect of posture. Changes in TLC, VC, and RV greater than 5% cannot be explained by posture in healthy subjects,2' or patients with heart failure. 25 The reduction in FRC observed in the present study could represent a reduction in actual lung volume, or gas trapping with a reduction in ventilated lung volume. Recognizing that the single breath nitrogen method would tend to be more influenced by the distribution of ventilation, the FRC and RV were measured by closed circuit helium equilibration in the last eight patients admitted to the study. In all four patients with acute and follow-up measurements by the helium method both FRC and RV were reduced in the acute period, and the reductions in FRC and RV in 13 measurements by the helium method during the acute period showed strong correlations with pulmonary artery pressure. Thus, the changes in lung volumes probably are not entirely the result of changes in the distribution of ventilation.
The reduction in VC in proportion to the severity of congestive heart failure observed in this study is in agreement with the findings of three earlier studies in patients with myocardial infarction.2 12 13 Over 60 years ago, the studies of Peabody and Wentworth2' emphasized the close correlation between the reduction in VC and the clinical condition and life expectancy of the cardiac patient. The relation between PAD and the VC observed in our study suggest that serial VC measurements should provide a clinically useful method for monitoring the severity of left ventricular failure in patients with acute myocardial infarction.
Several studies have demonstrated that reduced VC in patients with heart disease is correlated with a proportional reduction in pulmonary compliance.27 29 In the present study we 27 29 34 However, when the severity of cardiac decompensation is considered, it appears that both FRC and RV decrease in proportion to the severity of heart failure.36 A similar relationship appears to exist in patients with acute myocardial infarction. In one previous study in acute myocardial infarction, FRC and RV were normal in patients without congestive heart failure,1" and in another study FRC was reduced in five out of seven patients with various degrees of congestive heart failure. 13 The results of the present study indicate that there is a spectrum of changes in FRC and RV depending on the severity of the changes in pulmonary hemodynamics.
FRC is determined by the resting equilibrium between lung and chest wall. The reductions in VC suggest a decrease in compliance which must play a role in the resetting of FRC. We have no measurements to characterize the mechanical properties of the chest wall in these patients, but a recent study in dogs36 indicates that the immediate effect of pulmonary vascular engorgement is a decrease in the outward recoil of the chest wall which appears to result from an increase in thoracic volume equal to the increase in pulmonary blood volume.
While the reductions in VC and FRC may be explained by reduced lung compliance, the decrease in RV cannot be explained by this mechanism. RV is determined either by the minimal volume of the thoracic cage, or by the volume of gas trapped in the lungs after a maximal expiratory effort. 37 In patients with pulmonary vascular congestion (PAD > 12 mm Hg) the observed changes in RV correspond to a reduction in lung gas volume equal to 200-300 ml BTPS. This value is of the same magnitude as the combined increase in central blood volume and extravascular lung water measured in similar patients.8 Thus, the reduced RV could be explained by volume displacement by vascular engorgement and lung edema. However, since the study group was composed of middle-aged subjects, most of whom were smokers, air trapping probably played a role in determining RV before myocardial infarction, and with the development of pulmonary vascular congestion, atelectasis could also explain reduced RV.
The observations that CV and CC measured by the resident gas, single breath nitrogen washout method, are not consistently increased with myocardial infarction, is consistent with the results of Demedts et al.,13 who used the same method, but conflicts with the results of Hales and Kazemi,"4 who used the bolus method to measure CV. This divergence is probably related to the mechanisms by which the two methods detect airway closure. Milic-Emili and Rufl19 have demonstrated a redistribution of regional RV/TLC ratios toward the lung bases in subjects with congestive heart failure. It is therefore possible that the resident gas method might not detect changes in CV in patients with pulmonary vascular congestion.
In the previous paper from this laboratory,12 the possibility that decreased lung volume might explain the increase in RT and the development of frequency dependence of RT was considered, but no measurements of FRC were available. In this study we have shown that FRC is reduced in proportion to the degree of pulmonary artery pressure elevation. When five healthy subjects were studied, it was found that a decrease in FRC produced no change in the FRC X RT product at 3 Hz or 9 Hz but increased R3, R9 and R3 ,. In patients with myocardial infarction, correction of the RT measurements for changes in FRC minimized the differences between acute and follow-up studies and eliminated the correlation between frequency dependence and PAD. Thus, it appears that reduced lung volume could explain the development of frequency dependence of resistance, but other independent changes in airway function cannot be excluded. An increase in peripheral airway resistance has been demonstrated in the dog during acute pulmonary vascular congestion,40 and an increase in the "upstream resistance" of the airway has The consistent reduction in arterial Po2 during the acute postinfarction period and the correlation between the level of arterial hypoxemia and the severity of pulmonary vascular congestion have been described in previous studies on this type of patient.8'-" Fillmore et al.,1" have shown that these patients develop right-to-left shunting in proportion to the severity of pulmonary vascular congestion. Our data suggest that loss of volume due to atelectasis or edema results in perfused but unventilated alveoli, and provides the explanation for this. It is known that V/Q maldistribution also plays a role in the development of hypoxemia in these patients.3-5,10, 11 Even if CV is normal, the reduction in FRC will play an additional role in the pathophysiology of hypoxemia by creating a situation in which the lung volume at end expiration is less than the lung volume at which airway closure occurs. In this situation, reduced ventilation of dependent lung regions will create reduced V/Q ratios and hypoxemia during tidal breathing.
We conclude that pulmonary vascular congestion in patients with acute myocardial infarction causes reduced lung volume proportional to the increase in pulmonary vascular pressure; this may explain the proportional relationship between hypoxemia and pulmonary vascular pressure in these patients.
